Objective: To investigate the relevance of the human vertebral endplate poromechanics on the fluid and metabolic transport from and to the intervertebral disc (IVD) based on educated estimations of the poromechanical parameter values of the bony endplate (BEP).
Introduction
The endplate is an osteochondral spinal structure as thin as approximately 1 mm that has long been recognized as a fundamental component in human intervertebral disc (IVD) biomechanics and mechanobiology, and in the pathophysiology of the IVD degeneration 1 . It is a specialized tissue at the interface between the vertebrae and the cartilaginous IVD 2 , being composed by an osseous layer e the bony endplate (BEP) e and a hyaline cartilage layer e the cartilage endplate (CEP).
CEP poromechanics has been suggested to control the fluid exchanges between discs and vertebrae in a direction-dependent mannerdi.e., cranially or caudallyd, being responsible for the functional balance between diurnal and night changes in IVD volume and height 3, 4 . In silico studies (i.e., through computer simulations) have confirmed that fluid pressures and velocities and matrix consolidation in the disc are highly affected by the hydraulic CEP permeability 5 , much lower than that of the BEP. The craniocaudal pathway through the endplates is also relevant with regard to the diffusion of essential solutes, i.e., oxygen, glucose and lactate 6 . Capillary buds located in the BEPdbut not penetrating the CEPdcarry the aforementioned solutes that regulate cell metabolism in the avascular disc. Thus, both the density of bud openings and the porosity (i.e., fluid volume fraction) of the endplate subtissues have been investigated in relation to disc degeneration 7 , in turn relevant to low back pain 8 . Organ cultures have also highlighted the importance of the whole endplate (CEP and BEP) poromechanical and transport properties: the CEP contains the aggrecans of the nucleus pulposus (NP), helping to maintain the IVD hydration, and a proper clearing of the marrow space in the BEP can better guarantee a suitable cell viability in vitro after 1 week 9 .
However, relevant features of the human endplates on the IVD mechanobiology are still controversial. During ageing and/or degeneration, CEP calcification and BEP sclerosis have been reported: markers of hypertrophic chondrocytes, involved in calcification 10 , and remarkable mineralization have been observed in mature human CEPs 11, 12 . Intense CEP calcification in scoliotic discs 6 , decreased permeability of the BEPeCEP in degenerated human discs 13 , and disturbances in solute diffusion in early degenerated human discs 14 have been observed as well. It has been postulated that nutrient flow may be hindered by tissue sclerosis or calcification, contributing to disc degeneration 7, 15 . No objective study has explored, however, how these endplate structural changes would affect both nutrient and fluid exchanges, once they are translated into changes in BEP porosity and hydraulic permeability. This knowledge would contribute to a more mechanistic view about the role of the endplate in IVD maintenance and degeneration. Recent permeation studies have shown that the hydraulic permeability of human endplates is much higher than previously measured for other species and can increase with age or degeneration 16 . BEP porosity also increases with age and degeneration, contrasting with the idea that nutrient diffusion can be interrupted by BEP sclerosis 16, 17 . However, these phenomena could be biased by the fact that advanced degeneration can be concomitant with increased amounts of endplate fissures, causing a rise in the effective porosity and permeability 17 . Also, by analyzing micro computer tomography (mCT) images, disc degeneration has been associated to thicker BEPs but with lower bone mineral density (BMD), pointing out that sclerosis, previously associated to increased BMD 18 , might not be linked to disc degeneration in humans 19 . These image-based quantifications are a valuable tool together with permeation experiments on endplate samples. However, the latter may lack robustness due to the extremely reduced BEP thickness and to the difficulty in separating the respective effects of the osseous and cartilaginous regions, especially when calcified CEP tissue binds to the BEP and occludes the bud openings 20 . Improper control of the sealing of the specimen perimeter may also allow peripheral flow due to the high CEP hydraulic resistance, which may alter permeability measurements.
Because mCT provides with bone structural mapping for the BEP region, when converted into a three-dimensional model, this mapping allows evaluating the resistance of the structure to fluid flow through simulated permeation. Thus, the present study aimed at a protocol that quantifies the BEP poromechanical parameters, such as porosity and permeability, through the integration of mCT image processing and permeation through computational fluid dynamics (CFD). Resulting BEP poromechanical parameters were further used as input data for in silico explorations of disc poromechanical response and metabolic transport, providing with educated extrapolations to the influence of BEP structure on disc mechanobiology.
Materials and methods
mCT scans of central BEPs from nine human lumbar vertebrae from five subjects were used [ Fig. 1(a) Fig. 1(a) and (b) ]. The dimensions of the parallelepipeds were selected so as to translate the local porosity and permeability values into a millimetre-level homogenized continuum, for subsequent use in the mechano-transport simulations. Due to the difficulty to extract visually the densest bone layer, i.e., the functional BEP, some trabecular bone was left for CFD analyses [ Fig. 1(b) ], the thickness of these trabecular regions plus the attached BEPs being approximately 1.5 mm. A mesh convergence study guaranteed that pressures were not dependent on the final mesh refinement [shown in Fig. 1(c) ], which in turn was not dependent on the voxel resolution. BEP permeation was simulated as follows: a mass flux of 10 À5 kg s , and lies in the laminar regime. The pressure at the outlet surface was null and "no-slip" conditions were imposed on the other surfaces. These boundary conditions ensured the proper simulation of the pressure rise in a permeation experiment, i.e., avoiding any outflow other than at the outlet. The macroscopic permeability was evaluated by using the Darcy relation:
being k 0 the intrinsic permeability, Q in the inlet mass flux, A the transversal cross-section, m and r the fluid dynamic viscosity and density, respectively, and L the distance between the two sections characterized by the pressures P in and P out [ Fig. 1(d) ]. The effective value for L on each sample corresponded to a functional thickness, determined as follows: the depth of the bone within each parallelepiped sample was divided into 50 equidistant points. An average pressure was calculated in each of the 50 corresponding cross-sections in order to obtain a complete profile of pressure drop within the bone sample, in the flow direction. Pressure was then plotted against the axial distance, and because the densest bone layers are expected to generate the largest pressure gradients, the curve slope variations gave an estimation of this BEP functional thickness L (see results, Fig. 2 ) from which intrinsic permeability was then computed. For the densest regions of each sample, we also evaluated (1) the porosity f 0 by dividing the fluid volume segmented within the BEP by the total volume of the BEP structure, and (2) the specific surface S v . The latter was determined either from the 3D reconstructions, by dividing the solid bone surface by the total volume, or as a function of porosity, by using the empirical relationship 
Standard power-law correlations between porosity and intrinsic permeability values were compared in terms of coefficient of determination R 2 for (1) the 50 samples assuming independence, and for these values grouped (2) by vertebra, and (3) by subject. For all data ungrouped, a porosity-permeability KozenyeCarman model was also used 23 :
where c and a are correlation coefficients. Eq. (3) has an acceptable asymptotic behaviour for f 0 z 0 and f 0 z 1 thanks to the presence of S v at the denominator 23 . For the model reconstruction and the CFD analyses, the software ScanIP © (Simpleware Ltd.) and FLUENT © (ANSYS) were used, respectively. Additionally, unpaired t-test was performed to analyse the differences between BEPs adjacent to discs with different degeneration grades (grade 3 N ¼ 16 and grade 4 N ¼ 6). From the above CFD study, ranges of values were obtained for both the porosity and the permeability of the BEP. The extreme values of these ranges of porosity and permeability were used to explore the possible influence of extreme BEP structural variations on the oxygen and lactate concentrations within the IVD through a finite element poromechanical model coupled with diffusion, advection, reaction, and cell viability 24, 25 (see also Supplementary text for the methodological details). Given that BEP porosity and BEP permeability were highly correlated (see Results), they were varied together to produce two mechano-transport model cases: (a) low BEP porosity and permeability and (b) high BEP porosity and permeability (see Supplementary text as well as results of the CFD study for the parameter values). 2 days of mechano-transport were simulated. Each day consisted in a sustained compression (16 h, 0.5 MPa) followed by a resting phase (8 h, 0.1 MPa). In order to assess the effect of the BEP poromechanical parameters on the poromechanical response of the adjacent CEP, the distributions of CEP porosities and fluid velocities obtained for the aforementioned cases (a) and (b) were compared to each other.
Results
A characteristic pressureedistance plot through the axial direction for one of the specimens studied is shown in Fig. 2 Table I , per subject and vertebra. Grouping these results per vertebra or per subject led to permeabilityeporosity correlations similar to those achieved when samples were ungrouped (considered independent). Correlation coefficients (power law) ranged from 0.93 (grouped per vertebra, Fig. 3 ), to 0.99 (grouped per subject, curve not shown). Accordingly, the porosity and permeability data obtained in the present study followed a "universal" relationship between solid volume fraction (¼1 À f 0 ) and permeability, when pooled with other experimental measurements [ Fig. 4] 16,26e29 .
When the extreme high and low BEP porosity/permeability values were inserted into the mechano-transport model, relative differences lower than 1% were computed over time in terms of oxygen and lactate concentrations within the IVD. Fig. 2 . Plot of the average pressure along the direction of the flow across one of the specimens tested. The BEP functional thickness is delimited by the vertical light grey lines (change in pressure slope), where hydraulic resistance is evaluated. Fig. 3 . Power-law fit between BEP permeability and porosity for the samples both ungrouped (N samples ¼ 50), and grouped per vertebra (N vertebra ¼ 9), and representation of the KozenyeCarman model fit.
Porosity calculations over time in the CEP were not affected by the extremely high and low BEP porosity/permeability values, and current CEP porosity was always close to the initial value of 80%.
Fluid velocities within the CEP were always lower than 3.0e3.5 mm/ s. These maximum values were computed just after the application and the removal of the diurnal load. These CEP fluid velocity distributions for the two cases of BEP poromechanical parameters are shown as colour plots in Fig. 5(a) and as histograms in Fig. 5(b) . Histograms show that although for the two cases of porosity and permeability of the BEP the mean values of velocities in the CEP are similar, the range of these values is larger for low values of BEP porosity and permeability. In the latter case, higher velocities can be reached for approx. 10% of CEP finite elements during both loading and unloading phases.
Discussion
In the present study, we determined BEP porosity and permeability values based on the three-dimensional information of the bone structure. We further used a mechano-transport poromechanical disc model in order to address the influence of these parameters on both the metabolic transport within the IVD and the CEP poromechanics. 23 . BEP can be denser than trabecular bone and have a similar microstructure, naturally leading to lower porosity and permeability values at the millimetre scale. Nevertheless, part of the porosity determined in the present study may be due to the space left by the bone marrow contact channels. These channels are specialized for the vertebrae-discs exchange of metabolites 7 and whether they subtract space for fluid flow, thus affecting the effective permeability of the BEP in vivo, is not clear. The difference between BEP and cortical bone may be more difficult to interpret because BEP lacks of Haversian structures and the permeation mechanism might be different from those happening in the trabecular bone. Nevertheless, our data and correlations could be the basis for future micromechanics-based explorations 30 to clarify these points. As for structural defects, fissures in the BEP would only modify the effective porosity and permeability of the BEP, leading to an extensive range of local values. The effect of such an extensive range is provided by our study at the tissue and organ level. Unfortunately, the available information about the donors was insufficient to correlate BEP poromechanics with IVD degeneration grades other than grade 3e4. Hence, our study cannot infer that BEP poromechanical properties and disc degeneration are linked to each other statistically. Such an issue suggests that the high heterogeneity of a single BEP already induced a strong variability of local structures, and porosity and permeability values among the different samples. This variability is probably largely sufficient to already cover the inter-individual, inter-level, or degenerationdependent differences expected. However, both a positive porosityepermeability correlation and a valid permeability predictor in the form of a KozenyeCarman model were derived. The porosityepermeability correlation in the BEP seemed robust and universal because: (1) it was not biased by the residual presence of the CEP (not visible in tomographic images) and (2) was confirmed through the use of BEP samples with a large structural diversity, independently on whether data were clustered per donor or per vertebra. The correlation of Fig. 4 further shows universality for several types of bones. Such universal trends throughout different bone tissues have been evidenced also for composition and Table I Porosity and intrinsic permeability and results averaged by vertebra (VERT) with the corresponding standard deviation (SD) and the number of samples (N). The subject is also indicated (Subj)
Mean porosity 1.87E-10 ± 9.43E-11 4.12E-10 ± 1.70E-10 6.47E-11 ± 3.91E-11 1.39E-11
± 4.21E-11 2.96E-11
± 5.54E-12 8.28E-10 ± 6.50E-10 6.08E-10 ± 4.82E-10 * For these subjects the degeneration grade of adjacent discs was known.
mechanical properties 31 , and are relevant for parametric studies aiming at exploring the relation between bone structure in several conditions (e.g., sclerosis, osteoporosis) with IVD degeneration.
In the present study no effective difference in models built at 12
and 16 mm voxel size was noted. Although the correlation between porosity and permeability calculated from Eq. (3) was valid when using specific surface values obtained from the 3D reconstructions, we preferred to use Eq. (2), since it is more general and free from segmentation-related issues. With such S v calculations, fitting our data to Eq. (3) gave c ¼ 0.079 and a ¼ 6.44, which can be used to predict BEP permeability from porosity (blue line in Fig. 3) . By exploiting the association between local porosity values and attenuation coefficients of clinical CT images 32 , these correlations can predict the tissue permeability at the voxel level with minimal additional information on the microstructure 33 , and could be used to guide multiscale homogenized bone models 30, 31 . When used as input in our mechano-transport model, the extreme values of the ranges of BEP porosity and permeability did not affect the calculations of the oxygen and lactate concentrations that are volume changes-dependent 24 . Hence BEP morphological changes do not seem to be responsible alone for the dehydration of the disc (i.e., volume changes). Thus, in contrast to other species 18 and to speculations on human discs 6 , our results strongly suggest that BEP sclerosis in humans does not contribute to disc degeneration 16, 19 . Yet, future developments should specifically target the porosity related to the bone marrow contact channels 7 . As discussed earlier, our correlations of BEP poromechanical properties could be the basis of such developments, in order to eventually obtain personalized boundary solute concentration as a function of endplate calcification.
Numerous in silico explorations have revealed the likely importance of the CEP in controlling the disc mechanical behaviour and the cell survival 4, 5, 7, 34 . Hence it appears also important to relate the poromechanical characteristic of the BEP to the CEP poromechanics. It has been shown that the permeability and the porosity of the CEP affect very differently the disc mechanotransport. In a previous numerical study 24 , we have demonstrated that varying the CEP hydraulic permeability over one order of magnitude resulted in negligible changes in solute concentrations. Yet CEP porosity variations have been shown to have a remarkable influence on cell viability 34e36 , correlating with nutritional deficiencies that were suggested to occur along CEP calcification 37 . Indeed, the CEP is not vascularised: thus a drop in its fluid content (porosity) is responsible for a reduced movement of solutes within the fluid (drop of diffusivity). According to the mechano-transport results obtained in this study, changing the poromechanical parameters in the BEP did not affect the porosity changes in the CEP over cycles of daily mechanical loads. However, our calculations revealed that low BEP poromechanical values could induce higher velocities in some CEP regions, in both rapid loading and unloading regimes. Intuitively, this outcome suggests that lower BEP permeability and porosity values contribute to increase the pressure gradients throughout the vertebral endplate which naturally results in higher fluid velocities within the adjacent CEP region (approx. 10%). Nevertheless, this rather simple interpretation does not consider the heterogeneous tissue consolidation effects due to the juxtaposition of soft (CEP) and hard (BEP) tissue layers, which might have to be explored through micromechanical models of the BEP-CEP interface. Interstitial fluid velocity has been shown as an important mechanical stimuli for bone marrow stem cell differentiation 38 and chondrocyte mechano-sensing 39 . Our results can thus be significant for future studies aiming at more precise mechano-sensing estimations towards evolutionary predictions of the phenotypes of the stem cells present in the CEP 40 .
It has been proposed that CEP calcification could affect the quantity of solute mass transported actively by fluid flow via hydraulic permeability changes 41 . However, it has also been shown in vitro 42 and in silico 43 that, compared to the diffusive transport, such advective transport of small solutes is negligible within the CEP. Because also BEP permeability variations played a negligible role on the concentration of solutes, we can anticipate that the advective transport of metabolites is unlikely to occur at the interface with the disc. Along with the predicted effect of limited diffusion with decreased fluid volume fraction 36 , the above conclusion leaves two inter-related important aspects to tackle in order to understand the effective contribution of vertebral endplates to IVD nutrition: (1) effective blood supply and available solute concentration at the endplates (related to capillary openings) and (2) sources of modification of CEP porosity (i.e., trough calcification). Once addressed experimentally or clinically, these aspects might be further targeted through personalized, imagebased multiphysics simulations to explore the relations among tissue structure, tissue function, and IVD biophysics.
Conclusive remarks
In summary, the present study explored separately the poromechanics of the osseous and the cartilaginous regions of the thin vertebral endplate, and provided tissue-specific quantifications of fluid-related parameters and their direct effect on disc maintenance. Important structural relationships between bone porosity and permeability were obtained and showed to pertain to universal relationships when compared to other measurements on different types of bone. Although the bony part of the endplate had a negligible effect on the disc metabolic transport prediction within the IVD, image-based values of bone parameters related to fluid flow could provide more realistic estimations of the mechanobiological stimuli sensed by cells from the endplates. Such outcomes can be particularly relevant to explore the calcification mechanisms of the BEP-CEP interface, also applied to regenerative and cell therapies, for which the maintenance or the restoration of the endplates is a major challenge 40 .
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